Introduction
Acetylcholine (ACh) has been well-characterized as a neurotransmitter, and has been found to be a local mediator in almost all life forms on earth. Over the past decade a considerable body of evidence has been collected, indicating that ACh is a cellular signaling molecule in nonneuronal cells [1] [2] [3] [4] . Plants also contain ACh and the ACh appears to have roles in various physiological activities [5] . ACh in plants has been shown to be involved in basic cellular processes like gene expression, proliferation, differentiation and cytoskeleton functions [6] . As in animals, ACh seems to play a significant role in signal transduction in plants [7] , however, the ACh-mediated system and its role in plant signalling are not yet fully understood. Most studies regarding the plant cholinergic system have been limited to detection and structural analysis of distinct components [8] . Nevertheless, molecular studies alone do not provide information regarding physiological processes in intact cells. Consequently, research on plant cholinergic system function in vivo is needed. Electrophysiological analyses can help elucidate the effects of ACh on the activity of plant membrane ion transport systems and reveal involvement of ACh in signal transduction. If ACh causes changes in membrane permeability similar to those found in the excitable membranes of animal cells, then ACh may interfere with electrical cellular signalling pathway in plants too.
Changes in plasma membrane potential or modulation of ion flux are amongst the earliest cellular events in response to light, temperature, osmotic stress, salinity, hormonal stimuli, elicitors and mechanical stimulation in many organisms [9] [10] [11] . Previous studies have indicated the presence and action of voltage-gated channels in the plant plasma membrane in these early cellular responses [12] . Among other processes, fluxes through ion channels are responsible for action potential Abstract: The role of acetylcholine (ACh) as a signalling molecule in plants was investigated using a model system of Characeae cells.
The effect of ACh on conductance of K + channels in Nitella flexilis cells and on the action potential generation in Nitellopsis obtusa cells after H + -ATPase inhibition, where repolarization occurs after the opening of outward rectifying K + channels, was investigated. Voltage-clamp method based on only one electrode impalement was used to evaluate the activity of separate potassium ion transport system at rest. We found that ACh at high concentrations (1 mM and 5 mM) activates K + channels as the main membrane transport system at the resting state involved in electrogenesis of Characeaen membrane potential. We observed that ACh caused an increase in duration of AP repolarization of cells in K + state when plasmalemma electrical characteristics are determined by large conductance K + channels irrespective of whether AP were spontaneous or electrically evoked. These results indicate interference of ACh with electrical cellular signalling pathway in plants.
generation. Action potentials involve a transient influx of Ca 2+ to the cytoplasm, and effluxes of Cl -and K + outside [13] . Whereas most animal cells in their resting stage are very close to the Nernst potential for K + ions [14] , plant cells can obtain much higher values due to the operation of electrogenic H + -ATPase-driven pumps [15] . Such hyperpolarization may enhance K + uptake via voltagegated K + inward rectifying channels or, alternatively, reduce K + efflux through outward K + channels [16] . Both types of channels are known to show strong voltage dependence. To elicit a voltage-dependent AP that can propagate, the presence of responsive ionic voltagegated channels is necessary [17] . It has been shown that the action potential is largely due to changes in the conductance of the passive diffusion channels [18] . However, the diversity of bioelectrical responses in plant cells could be explained by different exogenic factors on passive channels and on H + pump activity. Repolarization occurs after the opening of outward rectifying K + channels and activation of the electrogenic proton pump [19] . Electrophysiological techniques could be employed to characterize channel properties in in vivo conditions after excitation in various external conditions.
To investigate the role of ACh as a signalling molecule in plants we have used Characeaen cells as a model system. Standard intracellular electrophysiological methods and voltage clamp technique are used to determine the effect of various compounds on Characeaen electrical characteristics [13] . Data from the simple single-cell system can be used to help understand the cellular processes in higher plants. It is well known that Characeaen cells generate action potentials (large, transient changes in membrane potential). Exploration of Characeaen as a model system helps to understand the more complex levels of functionality, adaptation, and information processing in higher plants and animals [20] .
Patch-clamp experiments have confirmed the presence of K + channels in Characeaen cells [21] . If ACh acts as signaling molecule in plants, it may cause changes in conductance of potassium channels and influence membrane permeability during AP generation. Gong and Bisson [22] have demonstrated that ACh prolongs the repolarization phase of the action potential in Chara corallina. They attributed this phenomenon to the increased probability of the tonoplast chloride channels opening which would tend to maintain cell in a more depolarized state. ACh could also affect the repolarization modulating activity of K The experiments were performed at room temperature (20±1°C) and under daylight conditions (500±10 Lx). K + channels were investigated in the darkness. The internodal cells were isolated from neighbouring cells and branchlets. The internodes were kept at least overnight in buffered artificial pond water (APW), containing 0.1 mM KCl, 1 mM NaCl, 0.1 mM CaCl 2 , 2.5 mM TRIS, adjusted to pH 7.2 by HEPES or HCl. Acetylcholine treatment was carried out in the basic APW supplemented with test solutions (Sigma). Cells were incubated for approximately an hour after exogenous application of acetylcholine to provide sufficient time to penetrate into the cell. The electrogenic proton pump of the Nitellopsis obtusa plasma membrane was inhibited by adding 50 μM dicylcohexylcarbodiimide (Sigma), diluted in 2 ml of ethanol and supplemented with APW.
Experimental Procedures
A conventional microelectrode technique was used to measure transmembrane potential [23] . Internodal cells of Characeae were placed in an acrylic chamber with three compartments and continuously bathed in a flowing solution of APW or test solution at a rate of approximately 1 ml/min. Ag/AgCl wires were used as external current electrodes in each compartment. The reference electrode was filled with 3 M KCl in agar-agar jelly and immersed into the experimental solution near the cell. Microelectrodes with 1 μm tip diameter were constructed from borosilicate glass capillaries (Kwik-FilTM, World Precision Instruments Inc., USA) and filled with 3 M KCl. A microelectrode was inserted into the cell and electrical properties of the PM were measured 1 h after insertion. Intracellular recorded potentials were amplified with a WPI DAM50 preamplifier (input impedance -10 12 Ω, input leakage current -50 pA, gain -20x). Data were A/D converted (16 bits, ADS7805P, Burr-Brown Corporation) and stored on the computer memory for subsequent analysis. The experiments were performed using current clamp and voltage clamp modes. Current clamp was used to measure membrane potential and membrane resistance of the cell at rest.
A voltage clamp method was used for the investigation of the activity of separate potassium ion transport systems. We have developed an efficient voltage-clamp method that requires only one electrode impalement for analysis of K + channels in Nitella flexilis cells [24] . K in and K out channels open at different membrane potential values: K out at -40 mV to -20 mV, K in at -150 mV to -180 mV [24] . Therefore, we used Nitella flexilis cells for investigation of K + ion channels in our experiments. To inhibit the lightstimulated electrogenic H + -ATPase, cells were incubated in darkness for 2-3 days. Membrane potential was clamped in voltage clamp mode at -40 mV for K out and -160 mV for K in investigations, and voltage -current characteristics were obtained by injecting short (30 ms) rectangular hyperpolarization or depolarization current pulses every 20 mV step from the clamped level. Current curves were displayed on oscilloscope С8-17. Steady voltage -current curves were plotted from the steady state ionic current values against applied voltages.
Action potentials of Nitellopsis obtusa cells were elicited externally by injecting depolarizing current (0.1 s duration 1 μA/cm 2 square pulse) between two pools. To evaluate velocity of AP repolarization we differentiated 50 s periods starting from the peak of AP, took dE/dt and plotted it against voltage. The highest value of dE/dt was taken to evaluate prolongation of repolarization.
Data are presented as mean and standard error. Statistical significance of differences was tested using paired T and unpaired T test. All statements on statistical significance are based on a confidence level of 95%. Calculations and statistical analysis were performed using Microcal ORIGIN 7.5, Statistica 6.0 (StatSoft). We tested the dependence of membrane conductance on K + concentration. A decrease in membrane resistance caused by solutions where K + concentration was increased by 10 times (KAPW solution) was very similar to changes caused by application of ACh in APW (Figure 1 ). Membrane conductance of Nitella flexilis cells increased by 49.9% after application of 5 mM ACh in KAPW solution. These results confirm only slight effect of ACh on resting potential of Nitella flexilis cells.
Results
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We have previously demonstrated that potassium is the main ion regulating membrane potential and resistance at rest [25] . K + channels may be an important determinant of cellular activities, which are correlated (Figures 2,3) . Conductance of K out + channels after 5 mM ACh application increased significantly by 57.5±5.7% (P<0.001, n=6). K + current value was assessed at 40 mV voltage. We found that outward current significantly (P<0.001, n=6) increased by 64±5.5% after 5 mM ACh application. Reversal potential slightly (on average 5 mV) shifted towards the negative direction.
Conductance of K in + channels after 5 mM ACh application increased significantly by 53.5±3.4% (P<0.002, n=6). K + current value was assessed at -340 mV voltage. We found that inward current significantly (P<0.002, n=6) increased by 41±6.8% after 5 mM ACh application. Reversal potential remained the same as in control conditions (Figure 3) . In order to investigate the effect of ACh on the membrane potential component determined by passive diffusion and potassium channels domination, we pharmacologically inhibited H + -ATPase in Nitellopsis obtusa membrane. It was found that 50 mM concentration of DCCD is sufficient to cause complete and irreversible inhibition of proton pumping whilst leaving the passive diffusion of K + ions unaffected [26] . We used irreversible depolarization of membrane potential and decrease of membrane conductance as indicators of proton pump inhibition in Nitellopsis obtusa cells in our experiments. Resting potential diminished from -230±4.6 mV to -145±2.6 mV and plasma membrane resistance increased from 26.9±1.9 kW/cm 2 to 91.1±3.6 kW/cm 2 after DCCD application (n=12). We found that ACh strengthened membrane potential depolarization, but decreased membrane resistance (Figure 4) . The effect of ACh on membrane potential and resistance was reversible.
Nitellopsis obtusa cells are often used for investigation of action potential generation mechanisms in plants. We found that DCCD and ACh application led to spontaneous activity in 8 out of 12 investigated cells ( Figure 5 ).
We observed that ACh determined increase of AP duration when cells were in K + state (in which large conductance K + channels dominate the plasmalemma electrical characteristics) irrespective of whether AP were spontaneous or electrically evoked. A similar effect was observed when cells were repetitively treated with ACh (3 cells) after washing. Width of AP was evaluated at 0 and -70 mV and we found expansion of AP as concentration of ACh increased (Table 2) . Thus, ACh prolongs AP repolarization in the cells when membrane potential is determined only by ion channel activity ( Figure 6 ). of 5 mM ACh resulted in gradual depolarization of the cell and spontaneous activity after membrane potential reached -122±2.8 mV. We compared the second AP in APW and 5 mM ACh solutions and found a significant increase in duration of AP repolarization after ACh application ( Figure 7A ). Width of AP evaluated at 0 and -70 mV reveals prolongation of AP repolarization after application of 5 mM ACh by 1.5±0.2 and 2.1±0.3 times respectively ( Figure 7A) .
To evaluate velocity of repolarization, we differentiated 50 s periods starting from the peak of AP. We found that the highest rate of repolarization declined from 24.8±0.8 mV/s in APW solution to 14.4±1.2 mV/s after application of 5 mM ACh. This effect of ACh was reversible.
It is generally accepted that certain ion processes start at a particular value of membrane voltages [25] . Therefore, we investigated if the highest repolarization rate after ACh application occurs at the same voltage in different solutions. To analyze the process of repolarization, dE/dt was plotted against voltage ( Figure 7B ). We observed that ACh reduced the rate of AP repolarization in the range of all investigated potentials, especially at -25 mV ( Figure 7B ).
Discussion
Changes in membrane potential and resistance after application of ACh indicate an effect of ACh on ion transport systems involved in plant potential electrogenesis. The ACh content in leaves of higher plants can reach 20 nmol/g wet weights [5] . The concentrations of ACh used in our experiments were at physiological values (10 -4 M) or slightly exceeded them. Cells of Characeae were used as an indicator of the impact of exogenous ACh on the plasma membrane. Concentrations of ACh used in our experiments are similar to those used by Gong and BissFon [22] , where they found the maximum effect of ACh on Chara corallina cells membrane potential at concentrations ranging from 1 to 10 mM.
The results of this study demonstrate that 5 mM ACh activates K + ion channels in the resting state. We have found that ACh elicits depolarization of membrane potential immediately after application. Membrane potential changes were within physiological ranges, and after removal of ACh returned to previous levels. The action of ACh did not lead to irreversible disruption of vital processes in Characeae cells. Based on this we propose that ACh increases background conductance. A rise in proton pump activity in 25 min counteracts this increase in background conductance and the resting potential remains negative. The same effect of proton pump inactivation was shown after application of NaCl in Characeaen Lamprothamnium [27] .
Analysis of action potential characteristics in Nitellopsis obtusa cells after proton pump inhibition demonstrated that ACh depolarizes membrane potential and prolongs the repolarization ( Figure 6 ). Previous studies indicate that the primary mechanism of ACh action in plants is regulation of the membrane permeability to protons [28] , K + [5] , Cl - [22] and Ca 2+ [29] . It is established that the same ion transport systems are active during the generation of plant action potentials [13, 21, 30] . Our analysis of Nitellopsis obtusa membrane potentials and changes in AP after application of ACh demonstrates the effect of high concentration ACh on ion transport systems involved in AP generation. We examined the effects of ACh on the K out or K in channels in the plasma membrane at rest when the conductivity of excitable chloride channels is negligible. Exposure of ACh to potassium K out or K in channels does not appear to exclude its action on the excitable chloride channels. We previously demonstrated [31] that the addition of ACh prolongs the repolarization of the action potential in 'pump state' cells just as Gong and Bisson have demonstrated in another Characeaen, Chara corallina [22] . They attributed this prolongation to the increased probability of the tonoplast chloride channels opening, which would tend to maintain cell in a more depolarized state. The plasmalemma chloride channels which are activated in AP generation may show similar effects.
Voltage-gated K + channels play critical roles in regulating resting membrane potential and duration of action potential in plant cells. Inward-rectified channels are only open at hyperpolarizing membrane potentials. Outward rectifiers, conversely, are open when the plant cell membrane is depolarized from the typical electrical potential [24] . K + out channels are the main transport system and K + out current is the main current conditioning process of repolarization [21] . If the K out + channels at the plasma membrane were inhibited by Ach, prolongation of AP would be observed. Our results clearly showed ACh induced activation of K + channels and increase of K + out and K + in currents. Consequently, we could not attribute reduction of repolarization rate to the inhibition of K + channels. Another transport system which could prolong AP repolarization is H + -ATPase [32] . By reducing activity of the proton pump, ACh could reduce flow of positive charges from the cell and prolong repolarization. However, we noticed significant prolongation of repolarization after inhibition of proton pump by DCCD. Since our results show that the effect of ACh on repolarization is not dependent on inhibition of proton pump, we cannot rule out the possibility that inhibition of H + -ATPase disturbed homeostasis of cell ions and caused the cell to be more sensitive to ACh. However, the effect of ACh on background conductance and increased depolarization could be counterbalanced by the activity of H + -ATPase. Another possibility is that K + and Cl -inflow could be caused by the proton gradient and negative voltage generated by the proton pump. It is known that ACh increases duration of repolarization by modulating activity of Cl -channels [22] . Other groups have proposed that the physiological role of Ca 2+ /H + antiporters is to remove large amounts of Ca 2+ from the cytosol after Ca 2+ signal, while Ca 2+ -ATPases maintain very low levels of Ca 2+ during resting state [33] . Consequently, the prolongation of AP duration that we observed following DCCD application could be explained by the extended period of time that Cl -channels are in open state after increase of intracellular Ca 2+ concentration. Altering levels of Ca 2+ in the cytoplasm, even via an effect on endomembranes under ACh application is quite possible. This links ACh with numerous signalling processes in the so-called 'big network' of calcium signalling. In our previous work [31] we found that cadmium strengthens the depolarizing effect of acetylcholine on the repolarization phase of action potential and could be explained by an impact on the intracellular calcium level. The effect of ACh on the cytoplasmic Ca 2+ content requires a separate study.
To further elaborate mechanisms involved, future studies could be performed investigating the effect of ACh on the amount of cytoplasmic Ca 2+ and the effect of K + , Cl -, Ca 2+ channel inhibitors.
Conclusions
ACh as a local cell molecule could modulate important physiological functions in both animal and plant systems. We found that ACh activates K + channels as the main membrane transport system involved in electrogenesis of Characeaen membrane potential at the resting state. ACh treatment prolonged repolarization of action potentials in K + state cells. Changes in AP after application of ACh indicate effects of ACh on ion channels involved in AP generation. We conclude that ACh interferes with electrical cellular signalling pathways in plants.
